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I. ABSTRACT

High rate discharges were carried ocut at -30°F, -20°F, -10°F
and O°F using the 35 AH laboratory prototype cell, Cell vo;tages at
the end of one minute of discharge were 0,45V, 0,55V, 0,68 V and
0. 79 V respectively,

~ Cell behavior during high rates of charging was also investigated
at -30°F, -20°F, -10°F, 0°F,' +10°F, +20°F, 32°F, 77°F and 140°F,
At temperatures below +20°F, the cell evolved hydrogen when charéed
at 350 amperes for five minutes, This hydrogen evolution occurred
only during the initial portion of charging, Oxygen evolution occurred
in the latter part of charging at all temperatures based on these gassing
phenomena,

The parasitic currents (i.e, the portions of charge current
which do not contribute to the stored chemical energy of the celi) were
c.alculated at temperatures of -30°F to 140°F, The actual ampere-
hour inputs at these temperatures were then determined as a function -

of time,

The Adhydrodg 28 a charge control device, was studied during

‘high rates of charginé at all temperatures. However, on a 600 ampere

discharge, the Adhydrode voltage increased due to the heat generated

during the discharge,

A series of constant potential charges were carried out at -30°F




using charging voltages of .65V, 1.8V, 1,9V and1.95V. The
currents produced at theze voltages were insufficient to charge
the cell in five minutes, Also, hydrogen evolution occurred at
charging voitages of 1,9 V or greater,

A Cd-Cd {OH), coulometer was tested at high currents and
temperatures of 20°F and 140°F, The coulometer was found to
yield a px;emature gignal at 20°F,

Aueinbly of cells for the 22 AH ﬁattery is in progress,
Electrical formation of the battery plates has been completed,
Samples of cell hardware have been received and app::oved. The
first laboratory prototyl;e of the 22 AH cellz has been assembled
and is being tested, The cell was subjerted to the charge--discharge
duty cycle at room temperature, Testing at high and low temperatures
is in progress,

The design of the parallel éliépp‘er charge controi-charge
conditioning system was completed and selected as the most promising

for aircraft applications where 2 Yboost~-only" system is required,
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II, INTRODUCTION

The objectives of this research and development program are
to design, develop and fabricate hermetically sealed, mairtenance-free,
high rate, nickel-cadmium batteries for aircraft applications., That is,
the battery must be capable of delivering the necessary power for engine
starting, it must be capable of withstanding the varied enviromental
conditions that may prevail in an zircraft, and it must be compatible
with the const-nt potential charging system cf the aircraft. To achieve
these objectives, two broad areas are being inves!gated,

Firstly, a basic research program haes been undertaken with
the ultimate goal of improving the electrochemical operation of sealed
nickel-cadmium ccils, The areas where improvements are sought
include longer shelf life, better electrical performance at high rates
of charge and discharge, and better electrical performance at high
and Ilow temperature extremes,

Secondly, to make the battery compafi;bl‘e with the constant
potential charging system of the aircraft, a charge control-charge
conditioning ;yltem is being studied to allow rapid charging of the
battery when it needs to be recharged. When the battery becomes fully
charged, the charge control-charge conditioning system must also be
c'alpable of terminating the charging current on gignal from an end-of-

charge signzl generating device, such as a couiometer', Adhydrode or

e
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pressure switch,
The report describes the work performed during the Seven'a
Quarter of this program, Details of this work are presented in the

following Seci.ons.
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II. BATTERY RESEARCH AND DEVELOPMENT

A, THEORY OF ELECTROCHEM.ICAL PROCESSES OCCURRING
DURING HIGH RATE CHARGING

The reactions occurring in a nickel-cadmiurm cell during
charge can be :epresented by the following equation:

(1) ZNi(OH)2 + Cd(OI-I)2 —> 2Ni OOH + Cd + 2H30
At the individuval electrodes the reactions are

(2) Cd(OH), + 2¢° —>Cd + 2 OH" (-0.809 V)
at the negative, and

(3) 2 Ni\'OH)z + 20H —>2Ni OOH + 2H,0 + 2 e~ (0.49 V)

at the positive,

A competing reaction at the negative electrode causes the evclution
of hydrogex;’ .
(4) 2Hy0 + 2" —> H, + 20H- (-0.828 V)
Similarly, at the positive electrode oxy.gerlx is evolved
(5) 40H"—>0, + 2H,0 + 4e” (0,4001V)

Reactioxlls (2) and (3) are considered '"useful'' because they
produce stored energy which is re;adily useable, By the same definition
reactions \4) and (5) are considered parasitic. The values in ths

parantheses are the E°, the standard I :if-cell potentials, for the

particular reaction as given in W, D, Latimer's i"Oxidation Potentials''.

According to the E° vziues. reaction (5) is favored over (3)

! S
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when charging a nickel-cadmiurn cel!, The oxygen overvoltage is

of such magnitude that this trend is reversed, However, overvoltage
is current and temperature dependent, It increases with increasing
current density and decreasing temperature, Thus, under certain
conditions, such as low charging rates and/or elevated temperatures,
the pctential at the positive electrode may be such that there can be
two ccmpetiné reactions, This helps to explain why cxygen evolution
is observed at the positive electrode at very low charging rates and/or
at elevated tamperatures, There is still another condition where
oxygen evolution is favored and that is due to polarization which is
discussed beléw.

Frﬁm the E° values, reaction (2) is favored over (4) during
ché._rge. Considering hydrogen over voltage, this situation becomes
even fnor'e favorable, However, pslarization increases with increasing
current dénity and decreasing temperature, Thus, here too, there
may exist a condition where, due tc polarization, the potential at tho
negative is such that thé—re can be two competing reactions, Cc.sequently,
at ‘ow tempeiatures and high rates of charge, hydroge.n eve 1i8 «

increasingly favored,

B, EXPFRIMENTAL PROCEDURES AND RESULTS

1. High Rate Discharge Characteristics

1600 ampere discharges were carried out at ~30°F, -20°F,

R r——
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-10°F and 0°F using the 35 AH laboratory prototype cell, These
experiments were carried out to determine the lowest temperature
at thch the cell voltags was above 0,74 V after one minute of dis~
charge,

Prior to each discharge, the cell was charged at 35 amperes
until a rapid rise in cell pressure was noted (72-74 minutes), Following
this room temperature charge, the cell was soaked at the test temperature
for five hours and then discharged at 600 amperes, The cell was then
shorted overnight with a 0, 5 ohm resistor before the next 35 ampere
charge,

The resulis of these experiments are shown in Figure 1, As may
be seen, the cell met tﬁe requiren.ents at 0°F under these test con-
ditions, Cell voltages at the end of one minute were 0.45V, 0.55V,
0.7V and 078 V at :-?30°F, ;20°F, -10°F and 0°‘F respectively,

High f;tte discharges were also carried out at low temperatures
following a 350 ampere charge for five minutes, Heze the cell wasd
soaked in the fully discharged condition, at the1 test temperature,
overnight, before being charged;t 350 amﬁeres. Following the charging,
the cell was immediately discharged at 600“amperés. While charging
and discharging, the cell was maintained in a constant temperature en-
vironment, Figure 2 shows the results of these experiments at -30°F

and +10°F, As may be seen, the two discharge curves are quite

sy 8 et rems T Y VR W 2 VT -
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similar even though the temperatures differed, This was probably
due to the cell temperature being higher than that of its envirbnment
as a result of the high rate charging, These data also indicate that
under theae test conditions the dilcharge requirements were met
even at -30°F,

2, High Rate Charge Characteristics

Data was obtained on the high rate charge characteristics of
the 35 AH prototype cell at temperatures from -30°F to 72°F, Before
charging, the cell was soaked in a constant temperature chamber over-

night, in the fully discharged condition, Charging was done at a constant

" current of 350 amperes for five minutes with cell voitage and pressure

being monitored. These data are shown in Figures 3 and 4, Figure 3
shows that during the initial portion of charge: cell voltage is high at |
tl;.e low' temperatures, It is while the voltage is high that a rapid rise

in cell pres;ure occurs, as shown in Figure 4, The fact that the
Adhydrode was insensitive to this rapid rise in presaure suggests that
the gas waa‘ hydrogegt. This was aubstantiated by analyzing ﬂ:e gas

in the cell with a Burrel Gas Analyzer, This means that, when charging
at low temperature, polarization takes place initially at the negative
electcode, As charging proceeds, the gassing stops until the end of

charge is approached, Then oxygen is evolved at the positive electrode,

This interprectation is in agreement with the observed data shown in
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Figures 4 and 5. The data in Figure 5 were obtained using a 0, 5 ohm
resistor between the Adhydrode and negative plates, Before charging,
the Adhydrode signal was zero. When the charging current was turned
on, the Adhydrode signal rose sharply to 2-3 mv and was stable at that
value until the cell approached end of charge, Then the signal in-
creased linearly with time, and as may also be seen from Figure 4,
linearly with pressure,

When charging the cell at -30°F at 350 amperes, initial cell
voltage was high (above 2 V) and cell pressure rose rapidly, (Cell
pressure was about 75 pai within two minutes and, comsequently,
charging was terminated, ) In an attempt to reduce this rapid rise in
pressure, the cell wus charged at -30‘°F using a constant potential
charging mode, Figure 6 shows a plot of charging current at several
voltages when the cell was charged in a constant potential mode at
-30°F, These rata indicate that, at this low temperature, the cu;rent
was insufficicnt to charge the cell in five minuges. Also, at charging
voltages of 1,90 V or higher, hydrogen was evolved,

3. Parasitic Current and Charge Efficiency

PR =

The high, initial prescure.rise encountered when the cell was
charged rapidly at low temperatures promoted an investigation of charge
efficiency at the high charging rate, Consequently, the parasitic current

of the 35 AH cell was determined during various stages of its charge

T




at 350 araperes, at various temperatures from -30°F to 140°F, The

vold volurne of the cell had been previously detexrmined as 133 clc. i
This information, along with the gassing rate and a knowledge of the
species of the ga.,s"‘évolved, enabled calculating the parasitic current,

/s

The vn{;mber of moles of gas present at a particular temperature i

is give_p/l;y '2 = %YI' where

P = Pressure in atmosphere '

V = Volume in liters 1
T = Absolute temperature i
R = ,082 liter-atm/degree K i

The two reactions which produce gas within the cell are:

(4) 2H,0 + Ze'—-—7‘>H2 + 20H", and

E | (5) 40H — 50, + 2H,0 + 4e” 4
For cach mole of hydrogen produced, 2 x 96500 coulombs are

required, while for oxygen, 4 x 96500 coulombs are necessary, Ex-

pressed in ampere-hours, these correspond to 53, 6 and 107, 2 respectively,

e 2ol 2l

A relationship between current and rate of ‘pressure increase was

derived from the equations above. These are

= __B_s__3 “_____6 amf
time in hours

i ' .
| I, = _Y107.2 , —
2 me ours ' A

Since Y{ can be expressed as

o Plb
: - n - "“I‘:TL v
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P
" 0.133

(0. 082KT1 53,6 ~ T (5.8)

(6) 1y, =

& 013
(M Ig. =, ——2B307,2 = P (m.6)
2 (.082)T)}t Tt

During the initial part of charge, equation (6) was applied
and at the end of charge, equation (7) was applied, The calculations
were based on the assumption that only hydrogen was produced at the
beginning of charge and only oxygen at the end,

The parasitic currents obtained during charge, at various
temperatures, at 350 amperes, are given in Table I, Large parasitic
currents are shown early in the charge for low temperatures, At 20°F
and above the initial parasitic current is practically zero, 100%
efficiency would correspond to an input of 29,17 AH in 5 minutes of

charge, Actual inputs ranged from 29, 01 AH to 26, 67 AH,

4, ‘Cd/ Cd(OH)> Coulometer Studies

The b'eha.vi'or of the Cd/Cd(OH); coulometer was evaluated at
20°F and 140°F, the temnperature range in which the 35 AH cell was
found capable of being charged at ?;Si! amperes without evolving hydrogen,
As is shown in Figure 7, the coulometnr gave a premature signal at
20°F, The aignal (1, 0V) was reached after a 15 AH input at 20°F and
27,4 AH at 140°F, On '"discharge' (at 600 zinperes), the sign;l was
obtained at 22,7 AH, This is shown in Figure 8, The difference befween

the input and output signal was 4,7 AH, This difference of 4,7 AH was

s
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TABLE 1

12,

PARASITIC CURRENT VS, CHARGE TIME C 350 A
AMPERE CHARGE AT VARIOUS TEMPERATURES

TEMPERATURE: -30°F

0 to
0.5 to

1 to

1.25 to

0. 5 min,
1 1t
i.2s

2,75 v

TEMPERATURE: -20°F

0 to
0.25 to
0.5 to
0.75 1:0
1.75. to

2. to

0. 25 min,
0.5 "
0.75 *

.75 "

5 L1}

TEMPERATURE: - «10"F

0 to
0.1 to
0.25 to
0.5 to
0.75 to

1.25 to

2 to

0.1 min,
0,25 "
n.5 il
0,75 v
.28 ™
2 1t
5 "

oo

210 amperes
190 ¢
81.5 "
12,7 "
170 amperes
85 n
40 "
2,84 v
5.68
6,1 M
174 amperes
165 "
55,6 "
27,8 o
0 n
1.4 v
29

42,5 amp-min,

21.25 L

10 "

2, 84 "

1.42 "

48,3 L
126, 31 L

17. 4 amp-min,

24,8 - w
13,9
6.95 .
5 e
5,5
87 "

155,60

e et e, b e
3
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Bl TABLE I - continued i
: ,
- TEMPERATURE: O°F | |
"z 0 to 0.1 n‘dn.. 78 amperes 7.8 amp-min, |
! 0.1 to 0,25 " 137 " 20,6 " |
0.25 to 0,5 ™ 26,5 ™ 6.6 " ;
__ 0.5 to 2.5 7 0 " 0 " |
i 2.5 to 3.5 * 6 " % f'_
|
3.5 to 5 " 24 " 36 " L
» 87.0 7 i
TEMPERATURE: +0°F _ L
0' t§ 0.1 min, 60 amperes 6 anip;nzin.
| 0.1 to 0,4 26,6 " 8 "
P 0.4 to 0.6 " g8 , R . 2
; 0.6 to 2,75 " o : 0 *
g 2,75 to  3.50 s R 5.25
' | 35 to 5 " 10 " 15 "
} : 35.85 "
i TEMPEPATURE: +20°F
‘ 0 t; 0.1 min, o amperes 0  '@p-mm :
i 0.1 to 0.25" 13 n 195 ™
0.25 to 0,5 " 15,2 .8
0.5 W 2 v 0.9 .35 ™
: 1t 3 L o n 0 e
%_ - oV SR TRk I MG Y 2.6 f
j 3.5 to 4.5 * . 8 “ 8 "
?{ 45 o 5 % .
. ‘ 5 e i
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TABLE I - continued

TEMPERATURE: 32°F

0 to 3,25 min,
3.25 to 4,25 "

4,25 to 5 L

TEMPERATURE: +72°F

3,25 to 4,25 ™

4,25 to 5 i

TEMPERATURE: +140°F

0 to 1,25 min,

1.25 to 2 "

2 to 3 )

3 to & n

0 amperes

0 amperes

0 amperes
4,32 "
7.54 ¢
37 L

52,f. B

14,
0 amp-min,
7 "
12, 75 M
19,75 o
¢ amp-min,
5 b 1]
7 111
12 1t
0 llnp-min o
3. 23 % l.l
754 _!"'
4 37 .v:'i.l
52,1 ™
99.87 "

St A
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|

due to the difference in charging and discharging rates, The input
was at 350 amperes whereas the cutput was meagurzd at 600 amperes.
The rat~ dependence of the timing of the signal cmpied with the
observation that the coulometer gave a premature signzl at low tem-
perature, could cause an imbalance between it and the battery, This
imbalance could either prevent the battery from fully charging by

i giving a premature signal, or cause the battery to overcharge at a -

hizh fate by giving 2 dehyed uignal

P

C. BATTERY DESIGN AND FABRICATION 22 AH BATTERY

\‘ ; 1. Assembly
£ e ' Electrical formation of appfoﬁmately 6000 plates for a 22 AH
’ battery_ was completed, The formation procedure consisted of three

charge-dmcharge cyclen with the celle being flooded and vented., Both

o
L

positwe and negatxve plate capacities were checked during the dis-
charge'portion of the formatior procedure, After the third discharge,

the plates were waghed, dried and inspected.

T

Av;_xiliary tabs, 0, 015" nickel, were welded to the plate tabs
and :{:rinimed té‘ size, This operation was completed on al] the batteri
ki ?IAate-l'.
F ! o Sa.mpiel of all cell hardware have been received for mlpectlon ;

! and a.ppmval These were cell cuel, top and bottom coverl, terminals,

F . 3 combl, and plate supports, All n.mplcl have been approved and all

g
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hardware has been received,

2, Tenting of 22 AH Celle

Assembly of 22 AH ;eus for battery fabrication is in progress.
The first laboratory prototype ceil (LP-I)/wan subjected to the duty
cycle at room temperature, This cycle ccnginted of the following:

I. 600 ampere discharge for one minute,

2, 220 anipere charge,

3, 600 ampere discharge for one mimte,

4, 220 ampere charge,

5. 22 amﬁere discharge to 1, 0 volts, 4

The results of these tests are shown in Figures 9 to 13,

After adding 90 cc of 34% KOH, the cell was sealed witl.~ut
evacuating, It was charged at C/10 for'24 hours and disckarged at
22 amperes to 1,0 V, The steady-state overcharge pfeuure was 12
psi and capacity about 25 AH, The cell was then charged at the one-
hour rate {22 amps) until the voltage and pressure started to rise
(fhil occurred at 66 min,), The cell v;ru then discharged at 600 amgperes
for one minute, The current density during a'iilcha‘rge wae L42 amp/ sq.
incﬁ. These re:;ultl are shown in Figure 9. C-=2ll voltage at one minute
was 0.89 V. The cell was then charged, with no rest time, at 220 :
amperes just long enough to return 10 AH, In 2.6 minutes, 'cell vbltn;é

rose to 1,59 V ;nd pressure rose from 5.5 pei t¢ 9. 5 psi, as shown ‘

e 2 e —— ——— - e m——
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in Figure 10, The cell was again discharged at 600 amperes for
one minute with no rest time, Voltage at one minute was a#ain
0.89 V.. 28 shown in Figure 11, The cell was again charged at

220 amperas, this time until voltage and pressure g_ﬁérted rising,
as shown in Figure 12, This required about a 115% inpﬁt based |

on the capacity removed on the previous aiacharge. The followlngv
diecharge, at 22 amperes, yielded 23,8 AH tc 1,0V, as shown

in Figure 13, The presgsure rise during these tests was due to
oxygen, as evidenced by the fact that, after an overnight stand,

the pressure gauge indicated about a five inch vacuum, These

data indicate that the cell has the required high rate capability.
During these high rate tests no part of the cell reached a temperature
where it was uncomfortable to th‘e touch, indicating that the present
cell design is aéund.

D, THERMAL ANALYSES OF THE 22 AH AND 3% AH BATTERIES

Bec? -e of the high rate charge and discharge requirements,
analyses were made of the temperature rige that might be expected |
in the battery during high rate cycling. These analyses were made
both for the 22 AH and 35 AH battery, Because of the complexity of
the problem, computations were made assuming that thc heat generated
is due solely to I*R heating, and that no heat is lost to the envix;on'ment

during the cycle, The last assumption rer-resents the worst condition,

S
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1. Analyses of Temperature Rise During Cycles

i8.

Table II below summarizes the cycle that the battery will

encounter,

TABLE II

CHEARGE-DISCHARGE DUTY CYCLE

Step No, Description
Dtep NNO, Description
By

Discharge
Charge ¥
Rest
Discharge
Charge
Rest

Rest
Discharge
Cha;rge

Rest

* A 220 amp,, 3 minute charg~ represents the worst

Rate {Amps)

600

220

11

220

- i -

TOTAL TIME

case thermally, since we are assuming that the
heat generated is a function of 12,

1

3

60

130

240

447 MIN,

A thermal analysis has been made sclely on the basis of power

the cell and R is its internal resistance,

dissipated as a result of I1?R, wherel is the current flowing through

h4
1
i k.
; d

-
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In normal (low rate) routines, the analysis of heat is made
threugh an application of the first law of thermodynamics, and I®R
losses are negligible, At high rates, however, I°R losses are pre-
dominent and the power dissipated through A work is negligible by
comparison, |

Table II may be extended to show the power dissipated during
cach atep, Using R (13 = 5 x'm'4 ohms, the following values for

I2R are obtained,

~TABLE III

ENERGY LOSSES DURING CYCLE

Step No. I IR Time (Hrs, ) Watt Hours -

1 600 180 1/60 3,0
2 220 24 " 3/60 Y52
3 600 180 1/60 3.0
4 220 24 3/60 1.2
5 0 - - 0

6 11 . 0605 130/60 131
1 220 24 5/60 2.0
' TOTAL 10,53

Considering the cycle in gections, Steps 1-4 réprenent section

I; steps 6-7, section 2,

Utilizing q = mCPA T and the power disgipated as thown in

e R
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Table III, we are able to determine the A T due to the heat gen-

erated, |
Ggection 1 = 8.4 watthours x 3,41 BIU/Hr - 25 3 BTy
Qgection 2 ~ 2.13 watthours x 3, 41 %%{ﬁ{ = 17,25 BTU

m = 2,51bs,

Cp = .252 BTU
& Fr
T =ql =_28,8 = 46°F
A gect, 1 CP 3. 5(. 252)
AT =92 - 125 __ qs5F
sect. 2 "G z5.252)

Hence, total temperature rise during one complete cycle should be
57, 5°F if no heat losses occur,

2, Analyses of Temperature Gradients

Figure 14 shows a heat gink fin from the center of the battery
stack, Using a network nodal analysis for the nine points on the fin,
utilizing the fact that the summation of heat flow to any node equals
zero and that

Ty = T, TZ = Tg, T3 = T6 = T9. =..0,

we get the following equations which enable one to establish the thermal

gradients:
Nodal Point Equation
1  dgerr * e t Yy = O |
- Geell * 9.7 * 93.2 * 955 = 0 .
: Gell * 923 * 953 * %B(frod“s.%é) 2
" i |

qcex1+‘114+'=154+‘174'°
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2 Geenn t U5 ¥ 42-5 Y5t ¢

6 9eent * 5.4 t 3.4 t 9.4 * Y
dT AT
9@ = KAgx = KATx
BTU
K =120 By
A = _I:b_ in X direction and _Vi& in Y direction
Ax W
and W = 3,12in, = , 26 ft,
b = ,062in, = , 005 ft,
L = 7.12in, = ,59 ft,
Kib = ,675
FA'
KWb = .135
2L

et
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Rewriting equations 1 to 6:

Ao q g + 35T, -Ty) + L675(T, - T

Qeeqy - -135Ty - .675T; + 35T, + ,675T, = O

qcen - 0810Tl + .135T2 + 3675T4

+ .135T3 +.675T

q cell +.135T) - ,945T, + . 135T; +,675T,

q cell +,135T; - ,945T, + . 675T; = 0

C. deeny +-135(T, - T3) +.675(T, - T3)+qgp = 0

Qeeyp +.135T 5 + 9ep = 0
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Qeeyy t < 135(T5 = Ty) + . 675(Ty = T,) + . 67T, -T,) = 0

+ 1, 35T -.135T4-.675T4-.675T +.I35T5 =0

Leell 1
Qgepy + 1o 35T - 1.485T

4

g4 .135T5 =0

Qgqy + +135(T4- T5) + .135(Tg - T,) +.675(T, - Ty) +.,675(Tg - Ty) =0

q gy ¥ - 675T, +.135T - 135T; - . 1357 - ,675T - .675'1‘5 +

" .135T6 * 3 675'1‘3 =0

Qeepy + 1 35T, + .135T, - L 62T, = 0

qQeq + - 135T; - . 135T - 675T +q =0

5
- Geent t .135'1‘5 + 4ep = 0
Equafion C may be rewritten as

T, = -7.5 [qcell * ‘!cn] I

and since equation F may be written as

3 * =7.5 Ecell 3 qCB_-’

then Tz = T5. ) II.

6

g+ $T5Ty - ATIT 4 AT,

Substituting Tz T 5 into equation E, T 4 ™Ay be solved as a

function of T , 28 follows:
T4=2T2 -9
which may be furtber reduced to

Ty =18y - 1595 1.
by substituting the vailue of T, found in equation I.
Some conclusions inay be drawn from equation I, and III. For

44 ot be positive, qcp must be greater than 9eent and must be mep.tive.

0
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In other words, heat must be dissipated from the battery faster
than it is generated,

For T, to be positive, . . must be 216/15 q_eqy 2nd must
be négaﬁve.

Therefore, T, = T,.

2
By substituting various values of q. 5, the temperature
gradient across the cel! can be determined, As the centrally loéated

cell has been selected, this will be the werat case,

qcell‘ is found directly from the duty cycle, -

q =9,731 watthrs, =13 av,
Total 27 min,
60 min/hr y
4 qq = 1-3 watts x 3,41 ‘%*.*.f. = 4,42 BTU/H:.
f
Let %p T "%enn ,'I
Sgp = -4-42 BTU/Hr /

Then T‘2 =0

i

Ty

Let 4ep = 17/ H(-qcen)

T, =-1.5 J4z- 4. 42)
T, =-7.5 J.42-50 =-7.5-.48)=

-4,42°F

3,6°F /

I
"

4 'l‘qceu = 15‘1(:3

~16(q_qy) - 15 8t=aceq)
4,42

Y
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icp = 18/15(~q )

- 18, |
T,=-.5 J4z-1& 4,42)] |
T,=-7.5 faz-57% =.15 L] -
T, =6.6 |
T, =-l6q v -15(2=-q )

4 cell T5 ~ Ycen

T, =8,84

4
These values are shown in Figure 15,
Two things may be learned from the foreioipg sfudy:
{1) Miximum temperature gradient with no heag sink is
57.5°F during one complete cycle, | 7
(2) The cell temperature as experienced in a battery where
sinking occurs is a direct function of the ultimate hn‘at.sink_.‘
The valucs obtained in the analysis are related to the assumptions
made, These are that the cell is completely insulated on three sides,
and heat flows from the cell only by conduction and through the heat
sink, Steady state was assumed, and the rate Uen1 is considered

uniform across the cell,

3. Thermal Analysais of a 35 AH Cell

An analysis was also made for the 35 AH cell, sinée we have
been working with this cell and have date available to check our results,

Table IV illustrates a typical cycle and the power dissipated

during such a cycle,

e T—————— g
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TABLE IV
: CHARGE-DISCHARGE DUTY CYCLE
Step No. Description - Rate{Amps) Time(Min, ) Pm:(ﬁ)
Vl~ Discharge 660 . l 3,9 : ‘ I
2 Charge 350 vZ 2,05 5
4 l'ze;.t : 0 3 0
3 Discharge 600 1 3.0
4 Charge - 250 2 | 2,05
“Rest 0 3 0
: 5 ‘Rest - o - 60 P\
F 2 ¢ Discharge 17 130 .32
F % Charge 350 5 5.12
] ; 8 Rest 6 243 0
; ‘ TOTAL 447 Min, 15, 54 Wh,
o q = mCp AT

whereq @ = 10,1 x 3,41 = 34,2 BTU

=544 x 3,41 =18,5 BTU

L

Ygect @

| m = 41bs,

4 £

oy C, =.252 BTUM¥ °F

foe ol

= 34°F
] A % 4( 252)

A% - o

i A Trotar cycte = 5%4°F
% 1 Note that the temperature rise in the 35 AH cell is lees than that of
the 22 AH cell, This is directly attributable to the dif.ference in ma.u.

Equations 1 - 6 are valid for this analysis The vt!uea
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of the parameters are given below:
K =120 BTU/Hr £
W=312in=,261 ’
b =,062in =,005 ft

L =8,0in =,67ft

& 1521% =,115

Equations A - F may then be rewritten:

A, +1IS(T, - T)) + . 80T - Ty)

Leent
?cen - .915’1’1 + .115'1‘2 + .8'1'4' =0 1

g =

B.  qgy +.115T) - L 030T, +,80T

c. Qeeny ¢ 15T, + qcpg =0

D. ;lcen"f 1. 60T, - 1, 7I5T4 + .115T5 = 0
E.  qgepy+1.60T,+ 1157 - 1.83Tg =0 -
F, qcel'l+.n5'1'5+qc,3=0 |
Equation (C) mav be rewritten

T, = 8,7 Ecen + qcnj | (©)
and equation (F')

=8 =81 Elcell i qCJB:]
o.c TZ = T5
Substituting T = Ty inte (E), T 4 ™ay be rewritten as a function of T,

Tg= 2T, - cltz.el).
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This may, in turn, be revised by substituting in (C')
Ty = ey +%c
' Values for T may now be found by substituting the known
value of Ueil t.nd assimed values of ey
oy = 3.-7743% x 3,41 - 5,70 BTU/hr
Letacp = -9cen

Theg‘Tz =0
'].'4 = =5, TI°F

. Let g p =17/15(~qceny)

Tz=;l.7 E.?l-‘fa.SJ = 6.90°F

’I.'-4 =5, 71°F

‘%8 * 18/15 ('q'cell)

T, =-8, 7(5.71 - 6.9) =10.4°F

T, =1L4

These values are shown in Figure 16 and are closely related
to those of Figure 15, ; |

Of particular interest is what lﬁppens to a real cell under
conditions imposged by‘ the éycle.

A thirty-five ampere-hour cell was agssembled, Thermoccuples
were aitached to the cell at locations shown .in Figure 17, The cell

was then given a cycle shovm in Table IV, During Section 1 {Steps 1-4),

the cell rose from 77°F to 139°F (+62°F), at the terminal, and 31° at




the top of the plate, An average cell temperature rise would be
quit: close to theoretizal value of 52°F,

The main reason for the difference between theoretical and
actual temperature distribution is that the total cell impedance is
tha sum of several components, the largest of which ia thc; resistance
of the electrode tabs,

Thus, the asmmption of Q. qg being uniform is invalid, In
&dditien, it would appear from the change in temperature, as shown
in Tables V and VI {Cycle Data) that the .ulumption of steady state
should be reconsidered,

It shoul: be noted that the analysis of the unsteady state .
cordition with non-uniform q is quite unwieldy and probably un-
necessary, As may be seen from Table V, the cell temperature
returns to initial conditions in two hours, and it appears from the

test data that the battery will meet the imposed cycle,

—L
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Time
{Min, )

0
0.2
0.4
C.6
0.8

1.0

1.5
2,0
2,5
3,0
4,0
5,0

6.0

8112
ok
6.6
6.8

7.0

TABLE V

HIGH RATE CYCLING DATA - VO-3

Charge at 35C A

Rest

Comments v P
Discharge at 600 A 1,38 21
1,08 21
1.o5 23
1,03 23
1,02 23
1,02 23
1.48 23
1.52 24
>

1,56 25
1,78 47

Discharge at 600 A
1,07 44
1,05 45
1.35 45
1,02 45
1.02 45

A

29,
Temperature
4 5 6
77 'f7
81
.81
94
86 100
104
93 107
83 93 112
86 95 116
88 96 116
g0 97 106
90 96 106
108
97
118
105
125

G
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TABLE V cnutinugd

Time Temperature
{Min, ) Comments \4 P B 5 6

charge at 350 A

7.5 1.48 45 98 108 132
g 8.0 152 46 98 108 135 }
: 8.5 1,56 48 99 108 136 i
a‘ 9,0 1.80 78 139 |
g 10 Rest 1.38 87
§ 1 1,36 87
1 12 .36 86
i J Place on open circuit
E i _for 2 hours 81 81 81
!
| ?
,g
1 ]
|
|
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IV. CHARGE CONTROL-CHARGE CONDITIONING SYSTEM

A schematic diagram of the parallel chopper system is shown

!
i

.in Figure 18, It consists cf five identical power systems connected in
parallel, These le;:tiom are operated sequentially, thereby reducing
the aircraft bus ripple and battery rippie to a tolerable level, and
eliminating the need for sxternal filtering, A description of the operation
of one of the power sections is given below:

X ’r?
= = ‘;Ll l SCR,
; BUS

,; VOLTAGE - V; BATTERY
i Q VOLTAGE

vy

Above is a schema c diagram of one power section of the parallel

chopper, Ly, Q; and SCR; make up an elementary flyback booster, If Q

D i

ig periodically turned on, the current flowing Q will store energy in II'.-1 ’

When Qy is turncd off, this stored eneréy wﬂl be added to the aircraft

2 el ST

bus energy, This will cause current to flow through SCR, into the battery,

The boost voltage supplied by L is

- N to
Viooast = V1 M Tc%’ | (Ea. 1)

4

where:

N =number of turns of upper winding of L1

LI A T BT VT

M = total number of turns of Ll

B o

ton = time Ql is on

tOff = time QI ig off

‘

This equation shows that for a given tap ratie (?z) and bus voltage

| oL . O

B v - R e - e = e = - g 2y
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(Vl), the boost voltage can be varied by changing the ratio of the
Men' time to the "off'! time of Oy,

The magnitude of current deﬂvered to the battery can be
calculated quite readily, since the energy stored in the ii_:ductor ]
prior to Qy being turned off must be equal to the stored energy after

Qy is turned off {conservation of flux), The regulting current is

M
N
This current flowing in the battery will decrease from its maximum

I, (max,) = IQl (max.) (Efl. 2)

value as the stored energy in the inductor is supplied to the b_atter)?.l

If the value of inductance is large compared to the ofi time of Q,,
this decrease in current will be negligible, Thus, the use of a
tapped inductor permits large valuez of current to be delivered to
the battery while Q is required to handle only ;-friiétion of this

current,

L}

It would seem that the value of current flowing through Q

could be made 25 small as desired by decreasing the ratio of %. ‘

However, as can be seen by inspecting equation 1, a decrease in the

ratio of —II%I will cause an equal decrease in the ratio of the off

time to the on time of Qp for any given value of Vi qet and VI.

This will tend to decrease the average current delivered to the

battery, By combining equations 1 and 2, the following equation for

thé average current delivered to the batfery may be derived,
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{max, )
I (av.) = 9 (Eq. 3)
N > Vboost
M Vi

Equation 3 shows that there is an upper limit of average current
which may be delivered to the battery which is equal to oo N1
This will occur when the ratio of % is zero, Thus, equation 3 shows
that the average current delivered to the battery will incrent; toward
IQI e a as the ratio X is decrea‘led from

| Vboost M
a value of one (correspending to an untapped inductor) to a vaive of

a maxdmum of

zero (corresponding to a tapped inductor with an infinite tap ratie),

A consgideration which places a lower limit on the ratio of

N
M

of Q; must handle is given by

is that the maximum reverse voltage which the collector junction

- M '
VR (max) = 7 Vg t VY,

assuming the following values of voltage:

VRQI {max) = 70 volts
vboos ¢ = 8 volts
Vz = 32 volta
This sets the minimum value of fjd at apﬁro:dumately one-fourth,

The minimum value of VI, as defined in the Work Statement,
is 26 volts, This sets the ratio of the average battery current to

the maximum average current (corresponding to 1{-& = 0) at

approximately 0, 55, Any substantial increase in this ratio would

.
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require the use of a much more costly transistor, for Q. Referring
once again tc Figure 18, five parallel unite are used, with each unit
delivering approximately 80 amperes, average current to the bn.tbery.‘

As can be seen from Figure 18, the details of the protaction
and control circuits have been omitted, Th‘er.e are two reasons for
this, First, the operatiors which the control circuits and protection
circuits must perform cdh be determined oniy after a laboratory
study of the characteristics of paralieling individual power sections,
Second, an accurate estimation of the size and weight of the control and
protection circuits can be made based upon our experience with
similar systems,

The following table gives a projected parts list:

TABLE Vil

PROJECTED FARTS LIST OF PARALLEL CHOPPER

Component Value or Part Number Manufacturer
Q - C}5 MP-501 Motorola

CR1 - CR5 C55F General Electric
Ll - L5 ‘ 160 uh, 160A, SKHZ Custom Made

K1 AN=-3381-2 Cutler-Hammer

The total weight of this unit is 14, 3 pounds. The weight break-

down is shown in the following table,
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TABLE VIII

ESTIMATED WEIGHT BREAKDOWN OF PARALLEL CHOPPER

Component Weight

Transistors Ql - Qs 0. 25 lbsa,
SCR's CR, - CRS 1,25 1be
Inductors Ly - Lg 5.00 1bs,
Discharge Relay - X 2,30 1lbs,
Control Circuits 0.50 1bs,
Napthalene 2,00 ibs,
Brackets and Structure Y 3.00 1bs,

The power losses during charge are shown in the following table:
TABLE IX

ESTIMATED POWER LOSSES OF PARAI.J:.EL CHOPPER

Component - Power Loss

OUTPUT SCR's -
1, 2 volts x 350 amperes 420 watts

TRANSISTORS
Drive Loases 0,6 volts x 11 amps 5,6 watts
Saturation Losses 0, 35 volts x 110 amps 38, 5 wutts
Switching losses 30, 0 watts
INDUCTORS
Copper Losses 100 watts
Core Loss 75 watts

CONTROL CIRCUITS 20 watts
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b

The total power disnipated d\u'dng charge is 690 watts,

Figure 19 is a sketch af::he proposed arrangemen’. of circuit
components,

To date three charge control-chiarge cohditioning systems
have been designed, They are the invertzr phhse conirol, SCR phase
control, and the parallel chopper systrms. The tfmjor difference
between these systems is the method u;ed te condition the aircraft
bus to the optimum requirements of the battery. Table X contains |
the calculated size, weight and power loss of each system,

TABLE X_

COMPARISON OF CHARGE CONDITIONING SYSTEMS

System Size Weight Power l.oss
Inverter Phase Control 236 in, 3 13,8 lbs, 677 watts
SCR Phase Control 186 in, > 13,7 tba, 685 watts
Parallel Chopper 209 in, 3 14, 3 Ibs, 690 watts

The SCR phase contrel system occupies 21% and 11% less volume
than the inverter phse control and paralle]l chopper systems,
respectively, The extentof this advantage of the SCR phase control
gystem might not be realized in practice, since the calculations upon
which the size of each system is based could be in error by about £5%,

The calculated weight and power loss for each system differ

by suchb insignificant amounts that a value judgment based upon thein

L ————y e e < - = - = —
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would be meaningless, _ -
The inverter phase control system: has an inherent dis-

advantage because a contactor must be employed in order te

terminate battery charging current, This centacfor must interrupt |
& current of approximately 350 amperes. This will produce arcing
at the contacts, and would probably limit the maintenance-free life

of this system, Arc suppression techniques, auch as placing a

capacitor acress the contacts, would either not be effective enough,
or would nccupy too much vlume.,

Arcing will not result at the contacts ef the diacharge con-
tactor, contained in sach system, since it will open oﬁly'after
current has been terminated by other switches in the aircraft
power system, e p

Because of the arcing problem, and the larger volums oi

o

the inverter phase control system, we do not feel that its develop-
ment will produce 2 system as effective as the SCR phase control

and para‘ile! chopper gsystems,

4
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V. CONCLUSIONS

The behavior of the 35 AH prototype cell .lun been shown
to be satisfactory on high rate discharge at temperatures az low
28 -30°F, The high rate charge characteristics are satisfactory
at temperatures of 20°F and above, At temperatures below 20°F
hydrogen gasaing occurs during the injtial p.rtinn of the charge.

The Adhydrode has given good response to oxyzen pressure
buildup in the cell at all temperatures, Its signal is oxygen
pressure and temperature dependent,

The Cd/Cd(OH) , coulometer wui found to give a premature
signal at low temperature, In addition, its input and output signals
differed for different rates, These characteristics could cause
an imbalance between it and tﬁe battery preventirg the battery from
fully charging or causing the battery to overcharge,

Test results on the first 22 AH prototype cell indicated
that the cell has good high rate charge and discharge capability
at room temperature,

A comparison among the three methods to cdx’zdition the
aircraft bus to the requirements of the batiaxy indi_qﬁu,t,?uti ﬂm |
SCR phase control and the parallel chopper ife ,;ii-éfe‘fihle. Of

these two, the latter is inherently -lmﬁcra
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